Evidence for pre-existing abnormalities in the sensory and motor systems has been previously reported in writer's cramp (WC). However, the processing of somatosensory information during motor planning has received little attention. We hypothesized that sensorimotor integration processes might be impaired partly due to a disruption in the parieto-premotor network. To test this assumption, we designed 2 nonwriting motor tasks in which subjects had to perform a 4-finger motor sequence either on the basis of sensory stimuli previously memorized (SM task) or freely generated (SG task). Brain activity was measured by combining event-related functional magnetic resonance imaging and coherency electroencephalography in 15 WC patients and 15 normal controls. The bold signal was decreased in patients in both tasks during sensory stimulation but not during movement execution. However, the EEG study showed that coherency was decreased in patients compared with controls, during the delay of the SM task and during the execution of the SG task, on both the whole network and for specific couples of electrodes. Overall, these results demonstrate an endophenotypic impairment in the synchronization of cortical areas within the parieto-premotor network during somatosensory processing and motor planning in WC patients.
Introduction
Task-specific focal dystonia (TD) is characterized by excessive and inappropriate muscle activation during skilled fine motor tasks, resulting in slow, clumsy movements and impaired task performance (Schabrun et al. 2009 ). The condition affects highly trained activities such as writing or playing a musical instrument. Writer's cramp (WC) is the most frequent form of TD. Although WC is a motor problem, it is known to be associated to sensory and/or sensorimotor impairment (Avanzino et al. 2015) . Patients exhibit mild tactile abnormalities in spatial (Bara-Jimenez et al. 1998; Tinazzi et al. 2013 ) and temporal (Tinazzi et al. 2000; Fiorio et al. 2003 Fiorio et al. , 2006 ) discrimination but also proprioceptive dysfunction with abnormal response to vibrations applied on the muscle belly or tendon (Yoneda et al. 2000; Frima and Grunewald 2005; Fiorio et al. 2006; Frima et al. 2008) . Moreover, higher order sensory functions seem to be altered in WC patients such as hand mental rotation (Fiorio et al. 2006) , somatosensory illusion (Fiorio et al. 2011) , movement imagination (Tumas and Sakamoto 2009; Delnooz et al. 2013) , and temporal expectation of movement outcome (Avanzino et al. 2013) .
Evidence for pre-existing abnormalities in both the sensory and motor systems is strengthened by functional neuroimaging (Perlmutter et al. 1997; Oga et al. 2002; Butterworth et al. 2003; Garraux et al. 2004; Delmaire et al. 2005; Islam et al. 2009; Wu et al. 2010; Moore et al. 2012; Delnooz et al. 2013 ) and neurophysiological (Bara-Jimenez et al. 1998; Tinazzi et al. 2000; Frasson et al. 2001; Inoue et al. 2004; Murase et al. 2006; Cimatti et al. 2007; Tamura et al. 2009 ) studies. More recently, abnormal connectivity between the parietal and the premotor cortices was suspected to be responsible for the higher order dysfunctions observed in WC (Delnooz et al. 2012 (Delnooz et al. , 2013 Belvisi et al. 2013; Dresel et al. 2014) . The association of transcranial magnetic stimulation (TMS) and paired associative stimulation has also highlighted the abnormal plasticity (Belvisi et al. 2013 ) and sensorimotor integration disorders that occur in WC (Abbruzzese et al. 2001; Tamburin et al. 2002; Simonetta-Moreau et al. 2006; Tamura et al. 2009 ), suggesting that the dystonic symptoms appear when repetitive movements of the hand are superimposed on latent pathological abnormalities in the sensorimotor system (Quartarone et al. 2005 Quartarone and Pisani 2011) .
Sensorimotor integration is the process where sensory information is used to plan, monitor, and execute volitional movement, as well as the sensory counterpart of each executed movement (Avanzino et al. 2015) . Relatively few studies have investigated the integration of sensory information in order to plan and execute movements. Such is the case in the grip force task during which force regulation must be controlled while the subject is performing a drawer-opening precision grip. In this situation, WC patients show greater grip force than controls, suggesting a change in force scaling capabilities (Serrien et al. 2000) . Moreover, the grip force adjustment according to visual and somatosensory information is abnormal (Bleton et al. 2014) . Impairment in reaching movements guided by proprioceptive information also led to shorter and curved hand trajectories with asymmetrical temporal velocity profiles (Inzelberg et al. 1995) .
So far, the central integration of natural sequential sensory information (tactile or proprioceptive) coming from the digits, as occurs during writing, has received little attention. Such a study must be performed independently of any clinical expression of dystonia so as to be sure that any brain changes detected are not related to dystonic symptoms. To understand what is due to sensory or motor impairment, it is critical to separate the processes of sensory information analysis and those related to execution of a motor sequence. It is also necessary to use a sequential task since during the planning of a volitional movement such as writing, much somaesthetic information is successively or simultaneously processed regarding the relative position of the digits and the order of digit recruitment during movements.
In the present study, we hypothesized that sensorimotor integration occurring during the planning of a sequential movement might be impaired in WC partly due to a disruption in the parieto-premotor network. More precisely, we aimed to investigate whether this phenomenon concerned the cortical responses to sequential somatosensory stimulation, their processing in working memory or the planning of movement on the basis of this information. To test this assumption, we designed 2 complementary nonwriting tasks. In the first, subjects had to perform a sequence of finger movements on the basis of a sequence of sensory stimuli previously applied to the same fingers. Thus, they had to memorize the sensory information during the delay in order to plan the correct motor response. The stimulation delivered by sequential pneumatic cuff pressure was both tactile and proprioceptive, thus mimicking the sensory stimulation applied on digits by the pen during writing. In the second task, the same sensory stimuli were delivered during the stimulation phase but subjects were not required to memorize the information. Then, after a delay, they had to perform a self-paced motor sequence. To investigate the neural basis of sensorimotor integration within the parietopremotor network, we used both event-related functional magnetic resonance imaging (fMRI) and coherency electroencephalography (EEG). These 2 techniques were used because they provide complementary information in the spatial (fMRI) and temporal (EEG) domains, respectively. Indeed, fMRI has a good spatial resolution for demonstrating the recruitment of specific areas but a modest temporal discrimination (in the sec range) whereas EEG offers a good temporal discrimination (in the ms range) to study the synchronization between functionally connected cortical areas but has a poor spatial discrimination.
Materials and Methods

Subjects
We studied 15 patients with idiopathic WC (9 females and 6 males, mean age 47.6 ± 8 years) and 15 control subjects (6 female and 9 males; mean age 39.5 ± 11 years; sex controls versus patients χ 2 = 1.2, P = 0.273; age controls versus patients: t = −1.744, P = 0.092). All of them were right-handed according to the Edinburgh handedness inventory. At the time of the study, (1) all patients had symptoms in the dominant right hand, (2) none had switched to using the nondominant left hand in daily life activities, (3) none had any abnormality of elemental somatosensory function, (4) none had received a botulinum toxin injection for at least 6 months prior to the examination, and (v) all had a normal mini-mental test (also taken by control subjects). Their clinical characteristics are given in Supplementary Table 1 . During the preinclusion visit, subjects gave their written informed consent and a complete neurological examination was performed. Then, they were asked to write a short text of 95 words (516 characters) during which they were timed. The recording sessions for EEG and fMRI were performed 2-3 months later on 2 different days separated by one to 2 weeks depending on the availability of participants.
Experimental Design
During the sensorimotor task (SM), the subjects had to perform a 4-finger motor sequence on the basis of a previously memorized sequence of sensory stimuli (transient finger pressure) (Fig. 1) . During the sequence generation task (SG), the global design was the same but the subjects did not have to take into account the order of sensory stimulation. They were requested to generate a freely defined 4-finger movement sequence. Their performances were recorded and 2 behavioral timing parameters, that is, reaction time (RT) and movement time (MT), were calculated. They were continuously observed throughout the task by direct visual examination in the EEG session and by video imaging in the fMRI session. Monitoring was performed by specialists in dystonia (P.B. and D.G.). At the end of both tasks, they were asked whether they had felt any signs of dystonia during the task and were examined in order to detect any muscle stiffness/tightness. Since the SM task included a working memory component for somesthetic stimuli, to investigate whether subjects had troubles in general working memory, we also used a verbal working memory test. During the latter, subjects had to repeat series of numbers from 2 to 9, first in a given order and then in a reverse one (scored on 30 for 30 successive trials).
The task was performed in the same conditions by subjects of the control and patient groups in specific sessions independent of the recording session (fMRI and EEG).
fMRI Acquisition and Analysis
Subjects were scanned by using a Gyroscan ACS NT Power track 6000 1.5 T MRI system (Philips Medical System, Best, the Netherlands) with a standard circular head coil. Each session began with a structural T 1 -weighted sequence followed by 2 T 2 -weighted gradient echo-planar imaging (EPI) sequences with blood-oxygen level-dependent contrast (time repetition = 2.5 s, time echo = 60 ms, flip angle 90°, 25 slices, slices thickness = 4 mm, no gap, matrix: 64 × 64 mm, in-plane resolution: 2 × 2 mm, 162 volumes). The Presentation software (Neurobehavior Systems, Inc., Albany, CA, USA) was used to synchronize the fMRI acquisition system with the pneumatic sequential stimulator, auditory instructions, and motor response recording. The duration of each MRI session was 35 min (anatomical acquisition, 9 min per task, random presentation). The number of trials in each task for each subject was n = 25. All fMRI data were analyzed by using SPM8 (Wellcome Department of Cognitive Neurology, University College, London, www.fil. ion.ucl.ac.uk/spm). Functional EPIs from each participant were corrected for slice-timing artifacts and realigned. Residual artifacts were sought in each functional session using the tsdiffana toolbox (http://imaging.mrc-cbu.cam.ac.uk/imaging/DataDiagnostics). Images were then normalized into the Montreal Neurological Institute (MNI) brain template with transformation parameters derived from segmentation of the T 1 -weighted anatomical image coregistered to the mean fMRI image. The resulting functional images were then spatially smoothed using an 8-mm full-width at half-maximum isotropic Gaussian kernel. At the first level (single subject), preprocessed data were analyzed according to the general linear model as implemented in SPM8 in each task. The event-related design matrix consisted of 2 conditions (sensory stimulation, sequential finger response) modeled by a standard boxcar function and convolved with a canonical hemodynamic response function. The stimulation condition was modeled at the onset of the first inflation and during the last 2 s, the response condition beginning at the onset of the auditory signal and lasting until the end of the motor sequence. A 128 s high-pass filter was used to remove low-frequency noise. Error trials, artifacts and the six motion correction parameters were added to the model as covariates of no interest. The general linear model was estimated using the Robust WLS toolbox (Diedrichsen and Shadmehr 2005) to take into account noise induced by arm movements during the response sequence. This method detects and adjusts for noise and artifacts in functional MRI time-series data and increases the sensitivity to detect regions of activation. Beta values of each contrast (sensory stimulation and movement) from single subject analyses were used for second-level analyses. A flexible factorial design with 3 factors (subject, group, and task) was used for each condition. We added age and sex as covariates since they were different in both groups.
Main effect of group, task, and interaction group × task were identified using weighted T-contrast. fMRI activation was significance-thresholded at P < 0.05 and corrected for family wise error (FWE) at cluster level. Anatomical localization of the activation peak in the MNI coordinates was transformed to Talairach coordinates using the mni2tal tool (MRC Cognition and Brain Sciences Unit, Cambridge, UK; http://imaging.mrc-cbu.cam.ac.uk/imaging/ MniTalairach). These Talairach coordinates were then used to confirm anatomical regions of activation using Talairach Client (search option: nearest gray matter) (http://www.talairach.org/ client.html) (Lancaster et al. 2000) . To display brain activation, SPMs t-maps were superimposed on the default single render of SPM8. In order to highlight the relationship between bold changes and clinical parameters (severity, writing time, and disease duration), we performed standard whole-brain correlation analyses with SPM8. The threshold was set to P < 0.05 and FWE corrected at cluster level.
EEG Acquisition and Analysis
EEG and fMRI were performed in different sessions. Continuous EEG was recorded by using a 64-channel Quick-Cap (impedance < 5k), Electrocap International, Eaton, OH, USA) and was amplified by using Neuroscan DC synamp amplifiers (Neuroscan Inc., El Paso, TX, USA), filtered (DC-50 Hz) and digitized (sampling frequency 1 kHz). Linked earlobe electrodes served as reference. EOG was recorded with one electrode placed above the eyebrow and another on the outer canthus of the left eye to facilitate detection of eye movement artifacts. Surface electromyography activity was recorded from the extensor digitorum muscle on the right arm. The duration of an EEG session was about 2 h (9-10 min per task, random presentation). Subjects performed the same task 6 times.
The EEG data were preprocessed with EEGLAB Matlab Toolbox. After a digital filter (1-45 Hz) and a baseline correction, artifacts (eye movements and muscle activity) in EEG data were rejected by visual inspection, resulting in approximately 60 artifact-free trials per task and subject. To link EEG and fMRI results, we calculated the position of the EEG electrodes with a Polhemus 3D digitizer (Fastrak Polhemus Inc., Colchester, VT, USA) and then coregistered the resulting 3D coordinates to the MNI brain template using the DIPFIT functions in EEGLAB. Trials containing errors such as incomplete motor sequence (i.e., different than 4 responses) or motor execution beginning before the go signal were discarded from the data analysis. Periods relative to event (sequential stimulation, delay, and movement) were extracted Sequence of events during the 2 experimental tasks. During the sensorimotor task (ST), the subject had to perform a 4-finger motor sequence on the basis of a previously memorized sequence of sensory stimuli. Each stimulation sequence was randomly composed of 4 pneumatic cuff inflations (100 ms inflation and 400 ms deflation) attached to the first 4 fingers of the right hand. He/she then had to memorize the sequence of stimuli for a variable delay period (random time interval of 2-8 s) and after a sound signal (sound of 1000 Hz; 1 s), and then reproduce the sequence by pressing a response panel composed of 4 sensors. During the sequence generation task (SG), the design of the task was the same but the subject did not have to take into account the order of stimulation and had to perform the sequential motor task based on a freely defined 4-finger movement sequence. R1 and R2 correspond to the reference period for the stimulation phase and the motor execution phase, respectively. Behavioral RT was measured between the go signal and the end of the first movement. MT was measured between the end of the first and fourth movements. Before each recording session (fMRI and EEG), a 10-trial test task was used as training session.
from raw EEG data. For the 2 experimental tasks, 2 phases of interest were analyzed: the sensory stimulation phase and the motor response phase. The stimulation phase was decomposed into 2 periods, (1) the period of sequential stimulation starting at the first stimulation and lasting 2 s and (2) the delay starting at the end of the stimulation period and lasting 1.5 s. The motor execution phase started 0.5 s before the first button press and lasted 1 s after the end of the last movement to ensure that the period contained only sequential movements. For the stimulation period, the reference period was defined as a 1-s interval before the first stimulation and the reference of the motor execution as a 1-s interval before the go signal (Fig. 1B) . Changes occurring after movement were not analyzed in the present article.
In view of prior anatomical and physiological knowledge, we selected electrodes of interest overlying the lateral premotor cortex (left: FC3, right: FC4), the sensorimotor cortex (left: C3-CP3, right: C4-CP4), the mesial fronto-central cortex including the SMA (FCZ, CZ), the superior parietal cortex (left: CP3, right: CP4), the lateral parietal posterior cortex (left: P1-P3, right P2-P4) and the mesial posterior parietal cortex (CPZ-PZ). We considered pairs of electrodes (i.e., C3/CP3 or P1/P3) overlying regions of interest in a predefined network (Fig. 4A ). As an initial view on the data, we conducted a power analysis on these couples of electrodes. Data were downsampled to 256 Hz and a complex Morlet wavelet decomposition of the EEG signal with 7 wavelet cycles using a variable time window length was performed across a 2-40 Hz frequency band in 1 Hz steps. This decomposition was performed for each trial, electrode, and subject. The power at each frequency was logarithmically rescaled (LogR function in SPM8) for a baseline period defined as 1 s before the stimulation for stimulation and delay periods and as 1 s before the go signal for the movement period. Time-frequency data were averaged across trials of the same task type and period to produce an average time-frequency map. Average power values for each electrode and each frequency band were then compared by using a linear mixed model. We designed simple contrast with a Bonferroni correction to test for group and task differences for each electrode of interest.
We computed spectral coherency as an estimate of the functional connectivity between different couples of electrodes of our predefined network (Fig. 4A ). Coherency is a measure of the linear relationship between 2 signals at a specific frequency (Nunez et al. 1997) . When applied to EEG data, volume conduction effects influence coherency, especially for close recording sites. To avoid artifacts from volume conduction, we studied the imaginary part of coherency (iCoh) which is only sensitive to synchronizations of 2 processes time-lagged to each other and does reflect true interactions between brain areas (Nolte et al. 2004; Hohlefeld et al. 2015) . iCoh and real part of coherency (Coh) were calculated and normalized as suggested by Nolte et al. (2004) . To reduce the effect of inter-electrode-pair variation in absolute coherency, we defined event-related imaginary coherency (ERicoh) by subtracting the reference imaginary part of coherency from the corresponding activation period according to the equation:
where ð f Þ corresponds to the frequency band. Therefore, an increase or decrease in coherency is expressed in relation to the reference period. The same equation was used to define the event-related real part of coherency (ERcoh).
Statistical analyses were performed first for the global network on the imaginary part of coherency (ERiCoh w ) and on the real part (ERcoh w ). We analyzed the 2 parts of coherency for the entire network because we believe that these results are complementary. However, we decided to focus our post hoc analyses for each pair of electrodes only on the imaginary part of coherency because the real part is dominated by effects of volume conduction. Linear mixed models with REML estimation were designed separately on each period and each frequency band by using SPSS18. Group task links (electrode pairs) and sex were defined as fixed effect factors, subject as a random factor and age as a covariate factor. We modeled interaction (group × task × links, group × links, task × links, group × task) and main effect of group, task and links. Marginal means adjusted for any other variables in the model were calculated. If a significant interaction (group × task × links) was found, we performed a post hoc test on all electrode pairs and applied a Bonferroni correction for multiple comparison. All statistical results displayed are corrected for age and sex factors. We finally used the Pearson correlation coefficient between clinical parameters (WC severity, writing time, and disease duration) and coherency values (ERiCoh) only in the specific electrode pairs showing significant differences in the previous analysis. Bonferroni correction was based on the number of tests performed for a given parameter that is, P bc = 0.05/n with n = number of tests. If the same test was performed on 18 pairs of electrodes, P bc = 0.0028.
Results
Behavioral Data
All patients exhibited a severe form of WC (see Supplementary Material). No correlation was found between age, duration and severity of disease. The mean time to write a 95-word text was twice as long in patients compared with controls (410.7 ± 117.2 s vs. 215.2 s ± 39.5 s, t-test P < 0.001). Patients were monitored continuously during the EEG and fMRI tasks and none of them exhibited dystonic symptoms or reported pain during task completion. Their performances in terms of successful trials were similar to those of controls (75.7% vs. 73.7%, χ 2 = 0.329, P = 0.57). However, their mean reaction time was significantly longer (Mann-Whitney: P < 0.001) on both tasks and in both experiments (see Supplementary Fig. 1C,D) , whereas group comparison of the mean movement time revealed no difference (Mann-Whitney, NS, see Supplementary Fig. 1E ,F). Electromyographic recordings showed no activation during the sensory stimulation and the delay phases of the tasks (Supplementary Material). In addition, performances of the 2 groups of subjects were not different in the task of verbal working memory, assessed during separate sessions (mean controls 23.6 ± 3.0, mean patients 23.4 ± 4.2, MannWhitney test, U = 98, NS).
Bold Response during Somatosensory Stimulation
The bold response to sequential stimulation is displayed in Figure 2 . The factorial design revealed a group effect (controls > patients) bilaterally in BA 2-3, BA40, BA4, BA6, and SMA, but also in the left BA7, left BA5 (Table 1) . A clear task effect (SM > SG) was also observed bilaterally in BA7, BA40, and BA19 (see Supplementary Fig. 2 ). Although the activation map was less marked in dystonic patients in the SG than in the SM (Fig. 2) , the interaction between group and task factors for the patients > controls contrast was not significant. In the thalamus, there was neither group (Table 1) nor task difference (see Supplementary Table 2) during somatosensory stimulation. Age and sex, used as cofactors for the analysis, had no impact on the bold signal. On the whole-brain analysis, we found no correlation between bold signal and clinical parameters (WC severity, disease duration, writing time).
Bold Response during Motor Execution
The bold response during movement execution is displayed in Figure 3 . The factorial design revealed no group effect and no group × task interaction but a task effect (SG > SM). During the SG task, higher activations were observed in BA8 bilaterally, left cingulate cortex (BA32), left pre-SMA, right BA40, and right insula (BA13). A strong activation was also observed in subcortical regions such as the right caudate nucleus, the putamen, and thalamus (Supplementary Table 3 ). In the latter, a higher activation was found during the SG than the SM task (left anterior thalamus and right pulvinar nucleus). No correlation was found with clinical parameters.
Real Coherency Within the Global EEG Network
A first global analysis of the event-related real part of coherency (ERcoh w ) was performed on the predefined sensorimotor network taking into account the 18 pairs of electrodes (Fig. 4A) . A group and a group × task effect were found during the stimulation, delay, and movement periods for both frequency bands (Table 2) . ERcoh w was decreased in patients compared with controls in both frequency bands (Fig. 4B,C) . During the stimulation and delay periods, a higher ERcoh w was observed during the SM than during the SG task. During movement, ERcoh w was decreased by 8-12 Hz but increased by 15-25 Hz in patients during the SG task (Fig. 4D) . and medial (SMA) premotor cortices, primary somatosensory (BA2-3), primary motor (BA4), and posterior parietal (BA7, 40) cortices, putamen and thalamus. In patients, a lower activation was observed in the same regions. Activation during the SG task was lower than during the SM task in healthy controls and there was very little activation in patients. (E-G). Whole-brain factorial ANOVA results focus on main group difference (controls > patients; P < 0.05 FWE cluster level corrected) with 3 different views-(E) Glass brain, (F) bold activations superimposed on the default SPM render, and (G) slice section on a selected coordinate (x = 0, y = −28, z = 54).
Imaginary Part of Coherency
Then, a second analysis was performed considering the imaginary part of coherency over the whole predefined network (ERicoh w ). A group effect was observed in all conditions except for the instruction period in the 15-25 Hz band frequency (Table 3) . A task effect was observed in both bands during the stimulation and delay in the 15-25 Hz frequency band and during movement in the 8-12 Hz frequency band. During the stimulation period, no group × task × links interactions were observed whereas they were found during the delay and movement in both bands. Figure 5 shows the mean ERicoh for all links within the network in the 8-12 Hz frequency band (see Supplementary  Fig. 5 for the 15-25 Hz frequency band). Whereas ERicoh tended to increase its level compared with the reference period for several links during the stimulation, delay, and movement of the SM task (left part of Fig. 5 ), it decreased in patients for both tasks and both band frequencies. During movement execution of the SG task, a similar phenomenon was observed with a decrease in ERicoh in patients. Since no group × task × links interactions were observed during stimulation, we focused on delay and movement periods for post hoc analysis (Table 4) . Examples of some ERicoh curve evolution during the delay and movement periods are shown in Figure 6A -D for the 8-12 Hz frequency band. Figure 6E -H displays the links for which significant ERicoh changes were found within the parieto-premotor network. During the delay of the SM task, a higher ERicoh in the sensorimotor network was observed in controls than in patients (Fig. 6E ) whereas only some differences in ERicoh were found during the SG task (Fig. 6F) . No difference was found between groups of subjects during movement execution in the SM task (Fig. 6G) , whereas a decreased ERicoh was observed in patients during the SG task (Fig. 6H) .
No correlation between ERicoh and clinical parameters was found.
Discussion
To our knowledge, this is the first study to combine magnetic functional imaging and EEG coherence analyses in order to study the processing of sequential somatosensory information in patients with WC. Compared with controls, patients exhibited a longer behavioral reaction time not only during the processing of sequential somatosensory information used for motor planning but also when they had to generate a new motor sequence, spontaneously, independently of information previously delivered. Functional imaging revealed bilateral and widespread decreased activations in the sensorimotor network during sequential sensory stimulation in both tasks but not during movement execution. High-definition EEG provided supplementary information by showing that functional coherency within the sensorimotor network was impaired not only during sensory stimulation but also during the delay when patients had to use somatosensory information for motor planning. Synchronization between areas of the parieto-promotor network was also impaired in patients when they were asked to perform a new motor sequence.
Increased Reaction Time During Sequential Finger Tapping Task
Writing is a complex motor task that requires the careful sensorimotor integration of successive proprioceptive and tactile information coming from the fingers in order to adapt the level of muscular contraction applied upon the writing tool. In the present study, we used 2 tasks designed to investigate independently the sequential processing of somatosensory information and the execution of a motor response. The sensory counterpart of each movement occurred during both tasks. During the sensorimotor task (SM), the memorization of sensory information began during the stimulation phase and was used during the delay to designate later, which fingers needed to be moved during the motor phase. Therefore, this task specifically focused on the utilization of sensory information to make a specific motor response. The cognitive dimension of the SM task encompassed attention to specific digits during stimulation, working memory processes for somatosensory information and the use of this information for motor planning. On the other hand, during the stimulation phase of the sequence-generated task (SG), subjects were asked not to pay any attention to sensory stimulation but after the delay to perform a new sequence of finger tapping unrelated to that previously delivered. In this condition, the movement phase required active planning of a new motor sequence during the delay. Performances of the 2 groups of subjects were similar in terms of sequence replication and sequence generation. The fact that there was no difference in movement time between patients and controls in both tasks suggests that motor execution per se was normal, in line with data from a previous study based on a fixed sequence of 4 button presses (Jankowski et al. 2013 ). However, behavioral reaction time (BRT) was longer in patients than in controls on both tasks. This increased BRT might have a different meaning in the 2 tasks. The increased BRT of dystonic patients during the SM task could be due to several factors such as abnormal sensory processing, difficulty in maintaining sensory information in working memory and/or an impaired transfer of information from the parietal to premotor areas during motor planning (possibly due to abnormal sensory processing). The fact that WC patients had normal performances in the verbal working memory control task (see Supplementary Fig. 1 ) indicates that if a disruption in working memory occurred, it was modality-specific, that is, it was impaired for somatosensory but not for verbal modalities. On the other hand, the increased reaction time during the SG task means that WC patients took longer to generate an original finger-tapping sequence.
Impaired Responses to Sequential Somatosensory Stimulation
Functional MRI showed that sequential sensory stimulation coming from the right digits activated a wide range of bilateral cortical areas encompassing the primary somatosensory (BA 2, BA3) and parietal (BA 5, 7, 40) cortices, the primary motor (BA4) and premotor (BA6) cortices and the supplementary motor area proper (SMAp). This is in line with the observation that complex somatosensory information is processed through a largely distributed network involving the 2 hemispheres, especially when attention and/or working memory are required (Savini et al. 2012 ; During the SM task in the healthy control group, a bilateral cortical bold increase was found with a left predominance in BA2, BA4, BA3, SMA, BA6, BA40. A similar pattern was observed in the patients group during the SG task. The same regions were involved but with a higher activation in the BA40, putamen, and thalamus for both groups.
Z-score
(E-G) Factorial ANOVA results focused on main task difference (SG > SM; P < 0.05 FWE cluster level correction) with 3 different views-(E) glass brain, (F) Increased SG bold activations superimposed on the default SPM render, and (G) slice section on a selected coordinate (x = 24, y = −60, z = 54).
Cerebral Cortex, 2017, Vol. 27, No. 4 | Bauer et al. 2014; Rojas-Hortelano et al. 2014) . During somatosensory stimulation, patients had lower cortical activation in the sensorimotor network than controls. Previous imaging studies using simpler sensory stimulations reported modifications of responses in the primary somatosensory cortex of dystonic patients (Tempel and Perlmutter 1990; Deuschl et al. 1995; Murase et al. 2000; Butterworth et al. 2003; Zeuner et al. 2009 ). The fact that both cortical activation evaluated through fMRI bold signal and temporal recruitment of cortical areas evaluated through EEG coherency were reduced in patients during both tasks suggests that the basic processing of sequential sensory information is directly impaired in WC, both in terms of cortical areas recruited but also with respect to the timing of their synchronization. Several explanations have been put forward to explain such a sensory impairment in WC. The first is the disorganization of S1 somatotopy reported in these patients (Bara-Jimenez et al. 1998; Elbert et al. 1998; Lenz and Byl 1999; Meunier et al. 2001; Butterworth et al. 2003; Meunier and Hallett 2005; Simonetta-Moreau et al. 2006) , as well as in overtrained nonhuman dystonic primates (Byl et al. 1996; Topp and Byl 1999) . The second is altered plasticity related to modifications of long-term potentiation in S1 (Simonetta-Moreau et al. 2006; McDonnell et al. 2007; Tamura et al. 2009 ) and M1 (Quartarone et al. 2003; Weise et al. 2012) . This is also supported by the result of a magnetoencephalographic study showing decreased high-frequency oscillations (HFO) evoked by dominant-hand median-nerve stimulation in focal hand dystonia (Cimatti et al. 2007 ). It seems that, even at rest, a dysfunction might occur in cortico-subcortical circuits involving the somatosensory cortex (Mohammadi et al. 2012 ).
Sensorimotor Integration Processes are also Disrupted
However, altered responses to somatosensory stimulation do not account for the high level disorder of sensory processing previously reported in WC (see for review Delnooz et al. 2012 Delnooz et al. , 2013 Avanzino et al. 2015) . In the present study, we failed to find a group × task interaction on fMRI analyses, which would suggest that the pattern of cortical areas recruited during the SM and SG task was similarly impaired in patients. However, the coherency analysis, which provided an index of the temporal synchronization between pairs of electrodes, gave additional information. A group × task interaction in ERrcoh w was found within the sensorimotor network during the stimulation and delay periods of the SM task, with less coherency in patients than in controls. Higher ERrcoh w were also observed in the SM than in the SG task. This indicates a disruption of the functional synchronization, within the whole sensorimotor network in patients when they had to use somatosensory information for movement planning. Further analyses, based on the imaginary part of coherency, which is less biased by volume conduction artifacts, also revealed a group × task effect during the stimulation period. Moreover, the differences in imaginary coherency observed during the delay between controls and patients concerned most of the connections between P1/P2 and P2/P4, C3/CP3, and C4/CP4, F3/FC3 and F4/FC4, FCz/Cz. Whereas coherency tended to increase in controls during the delay, it decreased in patients. This suggests a lower capability of the network to correctly synchronize its activity during the processing of somatosensory information. This lack of coherency during sensory processing resembles that previously reported in WC patients during movement execution (Nolte et al. 2004; . Using graph theoretic measures to assess efficiency of cortical connectivity, these authors found decreased efficiency of small-world networks in patients during performance of a tapping task, whereas healthy volunteers had increased efficiency. This suggests that the functional cortical network of patients is reorganized, with a loss of long-range communication and abnormal functional integration in large-scale brain cortical networks. Here, we found that the disruption within the sensorimotor network in dystonic patients concerned both the responses to sequential somatosensory stimulation information (both tasks), and the use of this information in working memory for motor planning (SM task). It is tempting to interpret this data as resulting from abnormal cortical inhibition. If focal inhibition is impaired, the appropriate synchronization of connected areas could be disrupted, thus influencing sensorimotor integration processes. However, this assumption requires complementary investigations.
Subtraction of fMRI images between the SM and SG tasks highlights the processing of somaesthetic stimuli in working memory during the SM task. It revealed a higher bold activity bilaterally in the posterior parietal cortex (BA 7-39-40) and right frontal gyrus (BA6). The posterior parietal cortex is involved in spatial attention, awareness (Colby and Goldberg 1999; Fiehler et al. 2011) , and working memory (Fiehler et al. 2011; Savini et al. 2012; RojasHortelano et al. 2014) . It receives dense projections from area 2 of the parietal cortex, a cortical area involved in the processing of complex proprioceptive and tactile information, and this region sends its main outputs to the SMA (Jones et al. 1978; Rizzolatti et al. 1998 ). The processing of somatosensory information in Supplementary Fig. 5 ). Bars correspond to the mean ERicoh during each period and error bar indicates SE.
working memory involves both the posterior parietal cortex and the SMA, the latter playing a critical role in the representation of action that emerges from sensorimotor integration processes (Kaas et al. 2013 ). On the other hand, the impaired connectivity revealed by EEG coherency between the sensorimotor and premotor cortices during the delay periods of the SM task may have a different meaning. It has been proposed that the dorsal premotor cortex provides signals that concern the final goal of movement rather than the intermediate steps (Hoshi and Tanji 2007) . In a sensorimotor task, the sensory instructions must be integrated during the delay to prepare for movement. The decreased coherency between the parietal and premotor cortices in the right hemisphere in both tasks suggests that this pathway is impaired in patients during somatosensory stimulation, whatever its usefulness for motor planning.
We also observed activation in motor areas during the processing of sensory information. Somatosensory inputs to the primary motor cortex are well known in the primate brain (Asanuma et al. 1980; Wiesendanger et al. 1985; Darian-Smith et al. 1993) . It is noteworthy that area 3a, a part of the primary somatosensory cortex involved in the processing of proprioceptive information, receives most of its input from thalamic nuclei associated with the motor system (Huffman and Krubitzer 2001) . This activity could play a role in the conversion of sensory signals into motor commands (Salinas and Romo 1998) . This is what occurred during the SM task when sensory information was used to organize the corresponding motor response. Recent imaging data also suggest that the parallel processing of somatosensory information in the primary somatosensory and motor cortices could play a role in sensory perception (Manita et al. 2015) and motor preparation (Stenner et al. 2015) . 
Contrasting Results during Movement Execution
We failed to reveal any group difference in the bold signal during movement execution. In line with the similar movement time of patients and controls, this finding suggests that cortical activation is normal in WC patients during the execution of simple sequential digit movements, as previously reported in neuroimaging studies based on finger-tapping tasks not inducing dystonia (Havrankova et al. 2012; Jankowski et al. 2013; Zeuner et al. 2015) . On the other hand, a higher bold activation was observed during the SG than the SM task mainly in BA4, BA1-3, and SMAp indicating that execution of the former was more demanding. Interestingly, patients exhibited a longer reaction time on this task: they took longer to react before starting to do the task. The reason for this remains unclear. However, a line of evidence suggests an impairment in basal ganglia activity during movement execution in WC (Delmaire et al. 2005; Zeuner et al. 2015) . Moreover, connections between the basal ganglia and the SMA are known to play a critical role in the generation of internally driven sequential movements (Bartolo and Merchant 2015) . Thus, a dysfunction of the basal ganglia-SMA network may explain the delayed reaction time that patients had in planning a new sequence during the SG task.
Using a different design, Wu et al. (2010) considered six movement conditions based on simple (one digit), complex (prelearned sequence), and unimodal or bimodal tapping movements. We cannot directly compare our data with theirs because the experimental conditions were different. However, their complex movement (successive opposition of thumb to second, third, fourth, and fifth fingers in sequence) is close to the SG condition in our experimental design, except that our subjects had to generate a new sequence at each trial. These authors reported networks for complexity, hand and conjunction of the 2 factors. They found that patients demonstrated less activation than controls in BA7-40 for the complexity network, in BA4, BA3, and SMA for the hand network. On our own, we found a decreased coherency between several areas of the sensorimotor network during the delay period of the SM task. However, the delay can be considered as a period of preparation for movement, especially during the SG task. Impaired activation in the motor and premotor areas during preparation of pre-learned 4-digit sequential movements was previously reported in WC patients (Jankowski et al. 2013) . The lower coherency between the sensorimotor and lateral premotor cortices could account for a disruption of sensorimotor binding, that is, a difficulty in motor preparation (Borgers et al. 2005; Koch et al. 2006) . Since the posterior parietal cortex is involved in cognitive aspects of movement representation (Avanzino et al. 2015) and intention (Anderson et al. 2002) , disruption of connections between this region and the premotor cortex might contribute to the difficulty patients experience in executing a specific sequence of digit movements (Delnooz et al. 2012 (Delnooz et al. , 2013 .
The results of our coherency analysis during movement execution can be compared with those of 2 previous studies. The first one reported lower efficiency of the small-world networks in the β-band in patients than in controls during performance of a task that did not induce dystonic symptoms, a finding negatively correlated with disease duration and associated with lower regional efficiency in the SMA (Jin, Lin, Auh, et al. 2011) . Although the EEG techniques of those authors were different, these results appear to be relatively similar to those we obtained during the movement period in the SG task. Another study showed an increased coherency between both sensorimotor cortices with a decreased coherency between the posterior parietal cortex and the cerebellum (Butz et al. 2006 ). We did not observe any disruption in coherency between the right and left sensorimotor cortices, unlike the posterior parietal and lateral premotor cortices. Nevertheless, the results of the 2 studies are difficult to compare because the nature of the task (simple motor task versus complex sensorimotor integration task) and the method of analysis (mutual information versus imaginary part of coherency) as well as the technique used (MEG versus EEG) were different. Recently, 2 TMS studies showed a specific impairment of cortico-cortical connections between the ventral premotor cortex and primary motor cortex, on one hand, and between the parietal and motor cortex, on the other, in patients with focal dystonia (Houdayer et al. 2012; Porcacchia et al. 2014 ). Taken as a whole, these studies suggest a parieto-premotor dysfunction in WC (Avanzino et al. 2015) . Our data clearly show that this network is particularly disrupted in WC patients when they have to perform a new sequential motor task.
Limiting Factors
The apparent discrepancy in sensitivity between fMRI and EEG coherency for studying sensorimotor integration processes (those specific to the SM task) might be due to several factors. Firstly, the 1.5 T fMRI technique may not be sensitive enough to detect subtle changes in the bold signal. Furthermore, it would have been necessary to use a larger sample of patients to reach significance in the analysis of fMRI data. However, the spatial pattern of cortical areas recruited during somatosensory processing might be similar between the 2 groups of subjects, thereby explaining the absence of group × task interaction on fMRI whereas the temporal recruitment of these cortical areas is impaired, as suggested by the results of coherency analyses. Indeed, these 2 techniques do not explore the same dimension of neural processing.
The role of the subcortical regions in sensorimotor integration was probably under-investigated in the present study owing to limitations of the 1.5 T MRI technique. Indeed, a modification of the bold signal was previously found in the striatum (Blood et al. 2004; Delmaire et al. 2005; Moore et al. 2012; Zeuner et al. 2015) and cerebellum (Peller et al. 2006; Moore et al. 2012; Zeuner et al. 2015) of WC patients. In addition, patients performing a tapping task had decreased dopamine release in the left striatum, as assessed by reduced change in 11C-raclopride binding compared with controls (Berman et al. 2013) . Abnormal dopamine function specifically affecting the medial striatal regions connected to premotor cortices, and thereby associated with the generation, planning, and selection of movements (Chouinard and Paus 2006; Cohen et al. 2010 ), might underlie the task-specific nature of the focal dystonia in WC. This dopaminergic dysfunction might also underlie the dysfunction of the premotor-parietal circuits. Thalamic relay nuclei are involved in attention and sensorimotor processing (Kimura et al. 2004; Thorn and Graybiel 2010) and their activity can be modified in dystonia (Hallett 1995; Sciamanna et al. 2012 ). In the context of the present study, the absence of between-group difference during sensory processing in the thalamus would suggest that the disruption of sensory processing occurs mainly at the cortical level. However, we cannot rule out that the bold technique used was not sufficiently sensitive to detect subtle changes in this region. On the other hand, inter-task differences were observed during the SG task compared with the SM task during movement execution with a higher activation in the left anterior thalamus and in the right pulvinar nucleus. This could be tentatively explained by the fact that, in the former task, subjects had to generate an original sequence requiring a greater coordination of the cortical areas.
Conclusion
Patients with WC have a normal clinical examination and are impaired only in the execution of specific fine motor tasks such as writing. Here we show that the pattern of cortical areas as evaluated with fMRI was similar in patients and controls when they processed sequential somatosensory information in working memory, but that EEG coherency was profoundly disrupted. These data suggest an impairment in the temporal synchronization of the parieto-premotor areas, a phenomenon that appeared mainly in the α band. Indeed, phase synchronization of α oscillations across distant cortical regions is increasingly viewed as an active inhibitory mechanism that gates and controls sensory information processing (Sadaghiani et al. 2015) . A disruption of the latter might have profound consequences on intracortical inhibition, a process which is impaired in focal hand dystonia (Hallett 1995) . This could explain disorders in the integration of proprioceptive information during motor planning. This phenomenon would, in turn, partly account for the muscular co-contractions observed in WC patients during writing. Since our findings were observed during the execution of tasks that did not induce dystonic symptoms, they suggest that the disturbed synchronization of cortical areas during sensorimotor integration processes is an endophenotypic trait of the disease.
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